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ABSTRACT 



The field of inquiry into how atoms are bonded 
together to form molecules and solids crosses the borderlines between 
physics and chemistry encompassing methods characteristic of both 
sciences. At one extreme, the inquiry is pursued with care and rigor 
into the simplest cases; at the other extreme, suggestions derived 
from the more careful inquiry are pushed to provide qualitative 
insights into the complexities of chemical behavior. This monograph 
provides an introduction to both points of view and to the 
relationship between them. Primary emphasis is on the physical nature 
of the simplest chemical bonds, though it examines a few molecules 
that are more complicated to point out the wide qualitative relevance 
of the more rigorous approach. Extensive use of simplified models is 
made. (Author/RH) 
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GENERAL 



PREFACE 



This monograph was written for the Conference on the New Instructional 
Materials in Physics, held at the University of Washington in the sum- 
mer of 1965. The general purpose of the conference was to create effec- 
tive ways of presenting physics to college students who are not pre- 
paring to become professional physicists. Such an audience might include 
prospective secondary school physics teachers, prospective practitioners 
of other sciences, and those who wish to learn physics as one component 
of a liberal education. 

At the Conference some 40 physicists and 12 filmmakers and design- 
ers worked for periods ranging from four to nine weeks. The central 
task, certainly the one in which most physicists participated, was the 
writing of monographs. 

Although there was no consensus on a single approach, many writers 
felt that their presentations oughc to put more than the customary 
emphasis on physical insight and synthesis. Moreover, the treatment was 
to be "multi-level” that is, each monograph would consist of sev- 

eral sections arranged in increasing order of sophistication. Such 
papers, it was hoped, could be readily introduced into existing courses 
or provide the basis for new kinds of courses. 

Monographs were written in four content areas: Forces and Fields, 
Quantum Mechanics, Thermal and Statistical Physics, and the Structure 
and Properties of Matter. Topic selections and general outlines were 
only loosely coordinated within each area in order to leave authors 
free to invent new approaches. In point of fact, however, a number of 
monographs do relate to otheis in complementary ways, a result of their 
authors’ close, informal interaction. 

Because of stringent time limitations, few of the monographs have 
been completed, and none has been extensively rewritten. Indeed, most 
writers feel that they are barely more than clean first drafts. Yet, 
because of the highly experimental nature of the undertaking, it is 
essential that these manuscripts be made available for careful review 
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Much effort, 



by other physicists and for trial use with students, 
therefore, has gone into publishing them in a readable format intended 
to facilitate serious consideration. 

So many people have contributed to the project that complete 
acknowledgement is not possible. The National Science Foundation sup- 
ported the Conference. The staff of the Commission on College Physics, 
led by E. Leonard Jossem, and that of the University of Washington 
physics department, led by Ronald Geballe and Ernest M. Henley, car- 
ried the heavy burden of organization. Walter C. Michels, Lyman G. 
Parratt, and George M. Volkoff read and criticized manuscripts at a 
critical stage in the writing. Judith Bregman, Edward Gerjuoy, Ernest 
M. Henley, and Lawrence Wilets read manuscripts editorially. Martha 
Ellis and Margery Lang did the technical editing; Ann Widditsch 
supervised the initial typing and assembled the final drafts. James 
Grunbaum designed the format and, assisted in Seattle by Roselyn Pape, 
directed the art preparation. Richard A. Mould has helped in all phases 
of readying manuscripts for the printer. Finally, and crucially, Jay F. 
Wilson, of the D, Van Nostrand Company, served as Managing Editor. For 
the hard work and steadfast support of all these persons and many 
others, I am deeply grateful . 

Edward D . Lambe 
Chairman, Panel on the 
New Instructional Materials 
Commission on College Physics 



BONDS BETWEEN ATOMS 



FOREWORD 



The field of inquiry into how atoms arc bonded together to form mole- 
cules and solids crosses the borderlines between physics and chemistry, 
encompassing methods characteristic of both sciences. At one extreme, 
the inquiry is pursued with care and rigor into the simplest cases; at 
the other extreme, suggestions derived from the more careful inquiry 
are pushed with daring to provide qualitative insights into the com- 
plexities of chemical behavior. 

This monograph provides an introduction to both points of view and 
to the relationship between them. Dealing primarily with the physical 
nature of the simplest chemical bonds, it nevertheless examines a few 
molecules that are much more complicated, in order to point out the 
wide qualitative relevance of the more rigorous approach. 

In developing its subject the monograph makes extensive use of 
simplified models. Indeed, taken as a whole, it constitutes an exer- 
cise in model making. It offers the lesson that, in conducting such an 
activity, a difficult balance must be achieved between a sense of ad- 
venture on the one hand and a sense of responsibility on the other. The 
adventure is found in inventing the models and employing them in wide 
contexts. The responsibility resides in pursuing their implications 
relentlessly, to the point of calculating numerical values with their 
aid and comparing those values with the results of experimental meas- 
urements . 
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"The Parts of all homogeneal hard 
Bodies which fully touch one another, 
stick together very strongly. And for 
explaining how this may be, some have 
invented hooked Atoms, which is beg- 
ging the Question . . . I had rather 

infer from their Cohesion, that their 
Particles attract one another by some 
Force, which in immediate Contact is 
exceeding strong, at small distances 
performs the chymical Operations above- 
mentioned and reaches not far from the 
Particles with any sensible Effect 
. . . There are therefore Agents in 

Nature able to make the Particles of 
Bodies stick together by very strong 
Attractions. And it is the Business 
of experimental Philosophy to find 
them out." So wrote Sir Isaac Newton 
two hundred sixty years ago. 

The pursuit of Sir Isaac’s Busi- 
ness over a quarter millenium has 
progressively found them out, wholly 
verifying the remarkable insight of 
that remarkable man. In 1945 Erwin 
Schroed inger , the principal architect 
of the means for completing the veri- 
fication, could write that "the atoms 
forming a molecule, whether there be 
few or many of them, are united by 
forces of exactly the same nature as 
the numerous atoms which build up a 
true solid, a crystal." We know today 
that those forces are primarily elec- 
trostatic, the forces of attraction 
between electrical charges of opposite 
sign. The gravitational and magnetic 
forces that also operate in these un- 
ions are entirely negligible in com- 
parison with the electrostatic. 

In view of how little was known 
about atoms in Newton’s time, his 
insight seems the more remarkable. 
Speculative minds had promulgated 
atomic theories of one sort and an- 
other for two thousand years. But 
Robert Boyle, Newton’s contemporary, 
had been the first to urge the view 
that the world is made of compounds 



INTERATOMIC 



that can be decomposed into element s . 
The "elements" of earlier times were 
not separate kinds of ultimate, un- 
decomposable matter; they were aspects 
of a single neutral substance of which 
the world was made. Those different 
aspects were produced by the combined 
application of definite and disting- 
uishable formative principles on the 
neutral substance . 

These ideas about the world arose 
from a doctrine of Aristotle that em- 
phasized the distinction between "sub- 
stance" and "form." 1 The doctrine 
recognized four formative principles: 
hotness and dryness and their oppo- 
sites, coldness and wetness. By im- 
pressing those qualities in pairs on 
the single substance, the four primal 
forms of matter are produced according 
to the following scheme: 

dryness + hotness — fire 
dryness + coldness — earth 
wetness + hotness — air 
wetness + coldness — water 

The many subsidiary differences be- 
tween the forms in which these four 
elements appear are reflections of the 
differences in the proportions and 
intensities with which the formative 
principles are applied. 

Of all the ancient speculations 
about the construction of the world, 
this doctrine of the Four Elements 
gave an especially powerful impulse 
and direction to early chemistry. The 
Arabs absorbed the doctrine when they 
conquered Egypt in the seventh cen- 
tury, using it to interpret the ex- 



1 It has been suggested that Aristotle may have 
arrived at his doctrine by reflecting upon the 
activities of craftsmen and artists, who trans- 
mute formless matter into the objects vhat are 
of interest and use to man. Notice in any case 
that the Latin word ma t eri a meant wood- for- 
building , 
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perimcnts stimulated by tlieir active 
spirit of enquiry. The alchemy that 
developed at tlieir hands rested on 
their be lie! that they could change 
any kind oi‘ matter into any other ii’ 
they could but discover what forma- 
tive principle, applied in what man- 
ner to the first kind, would produce 
t he second . 

The winning and modification of 
metals was an especially important 
preoccupation of the early investiga- 
tors. Outstanding among them was Jabir 
ibn Hay y an (the "Geber" of certain 
Latin texts) who added two more ele- 
ments, mercury and sulfur, to the 
primal four, "Mercury” was the princi- 
ple giving metals their unalterable 
property, and "sulfur" was the earthly 
impurity from which they could be 
cleansed. With increasing attention 
to the preparation of substances for 
medical use, a third clement was 
added to the new list: "salt," the 
residue that remained fixed after cal- 
cination. Indeed these three formed 
the tria prim a of Paracelsus, the vi- 
olent 2 and peripatetic man whose ex- 
ample inspired the reckless pharma- 
cological expermentat ion of the six- 
teenth century. 

As has happened so often in the 
history of science and as happens to- 
day, without doubt, a body of theory 
later overthrown stimulates and organ- 
izes much valid observation of nature. 
When Boyle undertook his experiments 
in the middle of the seventeenth cen- 
tury, he could profit from the re- 
corded results of many centuries of 
chemical work. Contemplating them, he 
wrote the "Sceptical Chymist," pub- 
lished in 1661, which raised serious 
objections to the tria prima : 

There are some bodies from which 
it has not yet been made to appear 
that any degree of fire can separ- 



- Oi*' receiving the pro J cssorsh ip oi medicine at 
Basle, Paracelsus' i'irst public act was to burn 
the great handbooks ol medicine by Galen and 
Avicenna . 



ate cither salt, or sulfur, or 
mercury, much less all three. Gold 
may be heated for months in a fur- 
nace without losing weight or alter- 
ing, and yet one of its supposed 
constituents is volatile and an- 
other combustible. Neither can 
solvents separate any of the three 
principles from gold; the metal 
may be added to , and so brought 
into solution . . . but the gold 

particles are present all the 
time; and the metal may be reduced 
to the same weight, of yellow, 
ponderous malleable substance it 
was before. 

After calling the tria prima in 
question in this fashion, Boyle pro- 
posed an alternative picture of chem- 
ical occurrences . Ho remarked upon 
tnc fact that many metals - lead and 
copper, for example - may be dissolved 
in acids and their properties entirely 
disguised in the resulting compound. 
Meeting with corpuscles of another 
kind, the corpuscles of metal may be 
more disposed to unite with them, he 
suggested, than to join with the par- 
ticles forming the original metallic 
cluster. Thus from the coalition of 
two different corpuscles a new body 
may be formed "as really one as either 
of the corpuscles before they were 
confounded . " 

It was bold to suggest that mer- 
cury, a silvery metallic liquid, and 
sulfur, a readily fusible yellow 
solid, should combine to form the 
red mineral cinnabar, rather than the 
yellowish metal, gold. Indeed it seems 
equally bold today to advance the idea 
that the entire richness and diversity 
of the material world is formed by 
union of only a hundred kinds of 
atomic particles. Our notion that 
water is made from the particles of 
two gases, hydrogen and oxygen, in 
two- to- one proportion may seem no less 
preposterous than Aristotle's notion 
that water represents the impress of 
wetness and coldness on a mat ter- stuff , 
or than the notion of Thales of Mile- 
tus that water is itself the sole ele- 
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men t ary source ol‘ the world. 3 But we 
have vastly more evidence to support 
today’s fantastic contention than did 
the ancients. That evidence is the 
major content of the chemical knowl- 
edge acquired over the past three cen- 
tur ies . 

But Boyle had left unanswered - 
in fact unstated - the question, 

’’Why and when do the particles join?” 
It was appropriate that Newton, who 
had made especially vivid use of the 
idea of force in the mechanics of 
visible objects, and who had fathered 
the law of universal gravitation, 
should appeal to the idea of force 
again to explain the cohesion of in- 
visible particles in solids and also 
the interchanges of their allegiance 
in chemical reactions. But some good 
quantitative feeling, or perhaps some 
rough calculation that he does not 
describe, warned him that gravita- 
tional forces between the particles 
could not provide the explanation that 
he sought , 

The electrostatic explanation 
that we accept today had to await the 
experiments with electricity that form 
a conspicuous scientific ornament of 
the; nineteenth century. The previous 
century had witnessed a few notable 
discoveries, in particular that of the 
two kinds of electricity, positive and 
negative, by Charles Dufav in 1734. 
Dufay’s observation that bodies with 
like electrification repel each other 
while those with unlike electrifica- 
tion attract each other had been made 
quantitative by Char les- August in 
Coulomb's brilliant use of his tor- 
sion balance near the end of the 
eighteenth century. But it was Ales- 
sandro Volta’s announcement in 1800 
of his electric battery, "which in a 



3 In a famous ex per iinc»nt the seventeenth century 
Belgian physician and chemist, Jean Baptiste van 
Hclmont, believed that lie had verified Thales' 
doctrine by growing a willow shoot i ,i dried 
earth and watering it regularly until it had 
gained many pounds in weight without receiving 
any other nutrient that van Hclmont could dis- 
cern. Ironically, this was the man who also dis- 
covered carbon dioxide, in other experiments. 



word provides an unlimited charge or 
imposes a perpetual action or impul- 
sion on Llic electric fluid," that made 
possible the crucial chemical experi- 
ment s . 

In that same year William Nichol- 
son noticed the products of electroly- 
sis of river water appearing at the 
free ends of wires connected to a 
voltaic pile. Hence one of the first 
acts of Sir Humphry Davy, on becoming 
director of the laboratory at the 
Royal Institution in London the fol- 
lowing year, was to construct a large 
battery of the sor t Volta had de- 
scribed. With it he followed up Nichol- 
son's observation vigorously over the 
next live years, with results that lie 
summarized in the following word;?. 

Hydrogen, the alkaline substances, 
the metals, and certain metallic 
oxides are attracted by negatively 
electrified metallic surfaces and 
repelled by positively electrified 
metallic surfaces; and contrari- 
wise, oxygen and acid substances 
are attracted by positively elec- 
trified metallic surfaces and re- 
pelled by negatively electrified 
surfaces; and these attractive and 
repulsive forces are sufficiently 
energetic to destroy or suspend the 
usual operation of elective affin- 
ity. 

It was then natural to assume 
further that "the usual operation of 
elective affinity" is itself electro- 
static - the attraction of oppositely 
charged atoms of different species. 

Davy in England, and Jons Berzelius in 
Sweden, both soon came to this view, 
and the latter formulated an electro- 
chemical theory of the formation of 
compounds, published in 1814, which 
put forward this "dualistic hypothesis" 
in explanation of all chemical action. 
Berzelius even extended these ideas 
into organic chemistry, proposing that 
gi’oups of atoms can form compound "radi- 
cals," positive and negative, which 
then join together as elements would. 

But it is clear that, however 
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well such a theory may lit the obser- 
vations on substances that can be 
brought into solution and electrolyzed, 
it cannot explain all the interatomic 
forces iound in nature. From measure- 
ments on gaseous hydrogen and oxygen 
and their reaction to form water vapor 
it was becoming increasingly clear in 
Berzelius’ own time that these gases 
arc both composed of molecules of 
which each contains two atoms tightly 
joined. Berzelius long opposed this 
conclusion because he could not find 
in his duaiistic theory any binding 
force between two identical atoms. 

But the idea of diatomic molecules 
was unavoidable - and binding force 
there must be. 

The origin of the forces between 



identical atoms has been found only in 
this century, with the identification 
of the electron by J. J, Thomson in 
1897 and the development of pictures 
of the inner structure of atoms made 
possible by that discovery. It turns 
out that such seemingly diverse inter- 
atomic attractions as those found in 
hydrogen molecules, in metals, and in 
crystalline argon can all be convinc- 
ingly explained in electrostatic terms. 
The next chapter will provide a quali- 
tative discussion of the various ways 
in which the electronic constitution 
of atoms can operate to provide bonds 
between them, and the rest of this 
monograph will pursue the same ques- 
tions more quantitatively and in 
greater detail. 
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BONDING 



In talking about interatomic bonds, 
and about the aggregations of atoms 
assembled by them, it is helpful to 
make classifications - suggestive, 
not hard and fast - of as many sorts 
as come to mind. The bonds might be 
divided, for example, into two classes; 
those between similar atoms, such as 
the bond between two hydrogen atoms 
which ties them to get lie r in a hydrogen 
molecule, and those between dissimilar 
atoms, such as the bond between sodi- 
um and chlorine in sodium chloride. 

And the world’s solids might be di- 
vided into two classes: those which 
melt into electrically conducting 
liquids, and those which melt into 
electrically insulating liquids. The 
proposed classification of interatomic 
bonds is clearly exhaustive; the clas- 
sification of solids is not, for many 
solids decompose into new materials 
at temperatures below their melting 
point. But these classifications are 
simple, and useful for a start. 

If two atoms come close to each 
other, they will not remain unaffected 
by each other . If they belong to dif- 
ferent atomic species, one may accom- 
modate electronic charges somewhat 
more readily than the other. Charge 
may flow from the one to the other, 
leaving the one with a net positive 
charge and giving t lie other a net 
negative charge. Then the two partly 
ionized atoms will attract each other 
electrostatically, providing the bond 
visualized by Davy and Berzelius as 
the last chapter described. In the ex- 
treme case each atom of one species 
completely transfers one electron to 
an atom of the other species, and the 
ions can be expected to assemble about 
one another in such a way that each 
ion is as near as it can be to as many 
ions of the other species as possible, 
and as far as possible from the simi- 
larly charged ions of its own species. 

In such a case an ion has no 
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preference for a particular one of the 
ions of the other species. Molecules, 
formed by pairs of ions, cannot be 
unambiguously identified in the solid. 
In crystalline sodium chloride, for 
example, the ions arc arranged as 
shown in Fig. 2.1 (see next page): 
cacli ion is immediately surrounded by 
six ions of the other species. 

As that figure shows, the ions in 
such a solid arc packed together too 
tightly to move past one another; they 
can only vibrate about their average 
positions. But when the solid is 
melted, the ions will be able to drift 
through the liquid as they could not 
through the solid. If an electric 
field is applied to the liquid, the 
ions of the two species will drift in 
opposite directions. When they reach 
the electrodes that establish the 
field, the negative ions will dis- 
charge their extra electrons to the 
positively charged electrode, and the 
positive ions will acquire from the 
negative electrode the electrons that 
they lost when they became ions. 

In this way neutral atoms of the 
two species will accumulate at the op- 
posite electrodes; and if they cannot 
combine with the material of the elec- 
trode, they will combine with one an- 
other in whatever way is characteris- 
tic of them. Molten sodium chloride, 
for example, can be electrolyzed to 
yield sodium metal and chlorine gas. 
Since the drifting of the ions carries 
a drift of charge, a current flows; 
and the amounts of metal and gas pro- 
duced are proportional to the product 
of the current by the time during 
which it lias flowed. Thus, in princi- 
ple at least, the fact that a solid 
is ionically bonded can be ascertained 
by observing that it is an electrical 
insulator that melts to an electri- 
cally conducting liquid whose conduc- 
tion is accompanied by electrolysis. 

If, on the other hand, two simi- 
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